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Epidermal label-retaining cells (LRC) can be identiﬁed by giving neonatal mice repeated injections of 3H-thymidine
or 5-bromo-20-deoxyuridine and then ﬁnding the cells that are still labelled in adulthood. Although label retention is
simply a marker of the proliferative history of a cell, there is, nevertheless, evidence that it is a characteristic of
epidermal stem cells. Here we review the early literature on LRC and then highlight two recent applications. We
describe how LRC can be visualized by whole-mount labelling of the epidermis and how puriﬁed LRC can be used
to screen for markers of the epidermal stem cell compartment.
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The simplest definition of a stem cell in an adult tissue is
that it is any cell with a high capacity for self-renewal that
extends throughout adult life. In addition, stem cells are
usually considered to have the potential to produce differ-
entiated progeny (Lajtha, 1979; Hall and Watt, 1989). Ac-
cording to these criteria the epidermis has long been
recognized as having a resident stem cell population. The
tissue consists of a stratified squamous epithelium (inter-
follicular epidermis; IFE) with associated hair follicles and
glandular structures (the sebaceous glands and sweat
glands). The IFE undergoes continuous turnover and there
is a constant requirement to replace the dead, terminally
differentiated cells of the outermost cornified layers through
proliferation of cells in the basal layer. Hair follicles undergo
repeated cycles of growth, regression, and rest (Hardy,
1992) and the cells of the mature hair, like the cells of the
outermost IFE layers, are dead, terminally differentiated
cells.
It is now well accepted that stem cells within the ep-
idermis are multipotent, capable of producing daughter
cells that differentiate along multiple lineages (Panteleyev et
al, 2001; Fuchs and Raghavan, 2002; Niemann and Watt,
2002). Stem cells within the hair follicle bulge can produce
progeny that differentiate not only into all the hair follicle
lineages, but also into sebocytes and IFE (Taylor et al, 2000;
Oshima et al, 2001). Following exposure to appropriate
mesenchymal signals, cells of the IFE are capable of giving
rise to hair or sebaceous lineages (Reynolds and Jahoda,
1992; Ferraris et al, 1997). There is, nevertheless, evidence
for the existence of distinct stem cell populations within the
IFE and sebaceous gland (Ghazizadeh and Taichman,
2001). These observations can be reconciled by proposing
that there are separate stem cell populations within the hair,
sebaceous gland and IFE. Each of these is capable of gen-
erating daughters that differentiate along any of the epider-
mal lineages. Under steady-state conditions, however, the
stem cells normally give rise to a more restricted repertoire
in response to signals from the local microenvironment (Fe-
rraris et al, 1997; Niemann and Watt, 2002).
Proliferative Heterogeneity Within the
Epidermis
Studies of human and mouse IFE dating back 30 y revealed
that the proliferative compartment, located predominantly in
the basal layer, is heterogeneous (Rowe and Dixon, 1972;
Potten, 1974; Potten and Morris, 1988). Mice were contin-
uously or pulse labelled with tritiated thymidine (3H-thymi-
dine) and then the kinetics of accumulation of label were
monitored (Potten, 1974). The fraction of labelled mitoses in
the epidermis pointed to the existence of at least two dis-
tinct cell populations with different cell cycle times, together
with a discrete post-mitotic compartment (Potten and
Morris, 1988).
The position of the slowly cycling cells is not random but
related to the architecture of the IFE. In the mouse, epider-
mis from many body sites is organized into precise columns
of hexagonal cornified cells overlying groups of basal cells
from which they are derived; these are known as epidermal
proliferative units (EPU) (Mackenzie, 1969; Mackenzie,
1970). The slowly cycling cells correspond to the central
cell at the base of each EPU (Potten, 1974). These obser-
vations, together with studies of the regeneration of the skin
following radiation induced damage, led to the concept that
the cell cycle characteristics of keratinocytes in the basal
layer of the IFE are indicative of whether or not they are
stem cells (Potten and Morris, 1988). The slow cycling cells
were designated as stem cells and rapidly cycling cells as
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transit amplifying cells, cells destined to undergo terminal
differentiation and leave the basal layer after a few rounds of
division.
Having established that infrequent division could be a
characteristic of stem cells there was a clear need for a
detection method that obviated the need for complex
mathematical analysis. One such method is to generate la-
bel-retaining cells (LRC) (Bickenbach, 1981). Neonatal mice
are given repeated injections of a nucleotide analogue such
as 3H-thymidine or 5-bromo-20-deoxyuridine (BrdU) at a
stage when the tissue is hyperproliferative so that all divid-
ing cells, whether or not they are stem cells, incorporate the
label in newly synthesized DNA. The label is then chased for
several weeks or months; only those cells that rarely divide
retain the label into adulthood (LRC) (Bickenbach, 1981;
Morris et al, 1985; Bickenbach et al, 1986; Cotsarelis et al,
1990; Bickenbach and Chism, 1998; Morris and Potten,
1999).
In the 1990s, researchers made the surprising discovery
that the majority of LRC in mammalian hair-bearing epider-
mis reside in the bulge region of the permanent portion of
the hair follicle (Cotsarelis et al, 1990). The bulge is a spe-
cialized region of the outer root sheath (ORS) located just
below the sebaceous gland at the site of insertion of the
arrector pili muscle (Cotsarelis et al, 1990; Lavker et al,
1993; Lyle et al, 1998; Morris and Potten, 1999; Akiyama
et al, 2000; Taylor et al, 2000; Fuchs et al, 2001; Oshima et al,
2001). These data suggested that stem cells within the hair
follicle reside in the permanent portion of the follicle, instead
of the lower bulb.
LRC: Practical Considerations
There are a number of experimental variables in the gen-
eration of LRC that need to be considered. The first of these
is the reagent used for labelling. In all of the early work LRC
were detected by incorporation of 3H-thymidine. Two draw-
backs of using 3H-thymidine are the length of time required
for autoradiographic exposure of tissue sections and the
technical difficulty of combining autoradiography with
immunolabelling for potential stem cell markers. The ad-
vantage of using BrdU incorporation is that it can be de-
tected by immunofluorescence with anti-BrdU antibodies.
The time when the DNA label is introduced into the mice
is another consideration. Injection of pregnant females al-
lows simultaneous labelling of multiple animals and can lead
to incorporation of label into a high proportion of keratin-
ocytes. Since BrdU is a teratogen (Packard et al, 1974)
injection of neonatal mice may be preferable, however. It is
obvious that a stem cell that was not synthesizing DNA
during the labelling period will never be visualized as a LRC,
and it is important not to assume that 100% labelling is
achieved with any of the protocols that have been de-
scribed (Bickenbach et al, 1986). Indeed one study dem-
onstrated that the degree of epidermal labelling varies quite
considerably between body sites (Bickenbach et al, 1986).
The age of the mice at the time of euthanasia is another
issue. In our experience the label-retaining population in tail
epidermis stabilizes 24 d after BrdU injection and the pat-
tern of LRC is remarkably constant until at least 140 d post-
injection (Braun et al, 2003). Both the number of LRC and
the degree of labelling of LRC, however, do gradually de-
crease with time, establishing that LRC do divide at a slow
rate (Bickenbach et al, 1986).
A final important consideration is how to define a LRC. It
is necessary to have some type of operational definition of
how many rounds of division a cell must undergo before it
stops being a LRC. Label is progressively lost when LRC are
induced to divide but is probably still detectable after two or
three divisions, at which point the labelled cells may have
become transit amplifying cells or committed progenitors
(Braun et al, 2003).
Label Retention in Comparison with Other
Stem Cell Characteristics
Although it is thought that stem cells divide infrequently in
undamaged epidermis they are the cells that are capable of
sustained proliferation in response to a stimulus such as
wounding (Potten et al, 1982). One potential concern about
LRC is that they are incapable of dividing because they
have sustained damage by virtue of 3H-thymidine or BrdU
incorporation. This, however, turns out not to be the case.
One way to recruit LRC to divide is to treat the epidermis
with the phorbol ester 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) (Morris et al, 1985). Although LRC respond to TPA
by proliferating, non-labelled basal cells are stimulated to
undergo terminal differentiation (Morris et al, 1985). In a re-
cent study, all LRC had divided within 12 d of initiating TPA
treatment and there was no evidence that LRC were lost
through apoptosis (Braun et al, 2003).
For obvious reasons LRC have not been generated by
injecting human subjects. Instead clonal assays of prolifer-
ation of cultured human keratinocytes have been per-
formed, with extensive self-renewal and generation of
differentiated progeny being used as markers of the stem
cell compartment (Barrandon and Green, 1987; Jones and
Watt, 1993). The clonogenic cells from human IFE come
from the regions of the basal layer where there are fewest
actively cycling cells (Jones et al, 1995). This indicates that
in human epidermis the cells with highest self-renewal ca-
pacity in vitro are slow cycling in vivo.
In the mouse, direct comparisons of label retention
in vivo and clonal growth in vitro have been hampered be-
cause of the low colony-forming efficiency of keratinocytes
cultured from adult mice. Nevertheless an important study
demonstrated that LRC isolated from mouse skin do have
higher colony-forming potential in vitro than pulse-labelled
cells from the same animal (Morris and Potten, 1996). In the
rat it is possible not only to generate LRC but also to culture
primary keratinocytes with high colony-forming efficiency
and these studies also suggest that LRC are clonogenic
in vitro (Pavlovitch et al, 1991; Kobayashi et al, 1993).
The functional relevance of the localization of LRC in the
hair follicle bulge was confirmed by dissecting rat whisker
and human hair follicles and assessing their clonogenic po-
tential in vitro. In the case of the rat whisker follicles, 95% of
keratinocyte colony-forming cells are located within the
bulge region (Kobayashi et al, 1993). The keratinocytes with
the highest clonogenicity in the human follicle are located in
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the region directly below the bulge (Rochat et al, 1994).
More recently, chimeric follicles of rat whiskers were gen-
erated in which the bulge region expressed b-gala-
ctosidase. These studies confirmed that cells isolated from
the bulge region of vibrissal follicles have low in vivo mitotic
activity and high in vitro clonogenicity (Oshima et al, 2001).
Therefore, not only do cells with the highest label-retaining
capacity reside within the bulge region of the hair follicle,
but the majority of the clonogenic cells in the follicle are also
derived from this region.
In the IFE the onset of terminal differentiation is linked to
migration out of the basal layer because keratinocytes
downregulate the function and expression of integrin extra-
cellular matrix receptors as they undergo terminal differen-
tiation (reviewed by Watt, 2002). In human IFE, the case has
been made that stem cells express higher integrin levels
than transit amplifying cells (Watt, 2002). In mouse, LRC
isolated from the epidermis are more adhesive to extracel-
lular matrix proteins than total basal cells (Bickenbach and
Chism, 1998). LRC also express higher integrin levels than
other basal cells (Tani et al, 2000).
Any keratinocyte has the potential to acquire an onc-
ogenic mutation, but most cells with such a mutation are
lost through terminal differentiation. It takes more than one
genetic lesion to found a tumor and multiple mutations are
thought to be acquired only by long-term residents of the
epidermis that have the capacity for clonal expansion. This
has led to the concept that stem cells are largely respon-
sible for epidermal tumorigenesis (reviewed by Morris,
2000; Owens and Watt, 2003; Perez-Losada and Balmain,
2003). In support of this, 3H-thymidine LRC have been
shown to retain the radioactively labelled carcinogen ben-
zo-(a)pyrene (Morris et al, 1986). Exposure to a tumor pro-
moter, such as TPA, induces proliferation of mutant cells
within the epidermis, thereby increasing the target cell pop-
ulation that is susceptible to acquiring additional oncogenic
mutations (Owens and Watt, 2003; Perez-Losada and Bal-
main, 2003). In addition, tumor promoters appear to be in-
volved in the selection of the specific target cell population
that undergoes expansion, as evidenced by the outgrowth
of tumors with dissimilar molecular characteristics following
exposure to different types of tumor promoters (Perez-
Losada and Balmain, 2003).
A further aspect of stem cells is their ability to generate
both stem cell daughters and daughters that undergo ter-
minal differentiation. This can potentially be achieved
through invariant asymmetric divisions or by populational
asymmetry (Hall and Watt, 1989; Watt and Hogan, 2000).
There is no morphological evidence that epidermal stem
cells undergo asymmetric divisions, since in postnatal IFE
each division gives rise to two daughter cells in the basal
layer, in contrast to the stratified squamous epithelium of
the esophagus where vertically oriented mitoses occur (Se-
ery and Watt, 2000). Asymmetric divisions could potentially
involve an ‘‘immortal strand’’ of DNA: stem cells would ar-
range their sister chromatids at mitosis such that the same
template DNA strands stay together through successive
divisions (Cairns, 2002). To test the immortal strand hy-
pothesis template strands in the stem cells can be labelled
during development or during tissue regeneration using 3H-
thymidine. Labelling newly synthesized strands with a dif-
ferent marker (BrdU) allows segregation of the two markers
to be studied (Potten et al, 2002). In intestinal epithelium this
approach has shown that the stem cells preferentially retain
the template strand of DNA (Potten et al, 2002). The tech-
nique has yet to be applied to epidermis; however, the fact
that the BrdU label is completely lost when LRC are stim-
ulated to divide tends to argue against the immortal strand
hypothesis in the epidermis (Braun et al, 2003).
Whole-Mount Analysis to Facilitate
Examination of LRC
To facilitate evaluation of potential stem cell markers in hu-
man IFE a method of whole-mount labelling was developed
in our laboratory (Jensen et al, 1999; Legg et al, 2003). This
approach revealed patterning of stem cells, actively cycling
cells and cells that are committed to exit the basal layer that
had been hard to appreciate with conventional tissue sec-
tions (Jones et al, 1995). We were interested to establish
whether whole-mount labelling could also be applied to
mouse epidermis. This technique facilitates visualization of
rare cells, such as LRC, in large areas of the epidermis. In
addition whole-mounts provide a way to examine changes
in lineage specification in transgenic and knockout mice
(Braun et al, 2003). The method is illustrated schematically
in Fig 1.
We found tail epidermis easiest to work with, as we could
generate whole-mounts at any stage of the hair cycle. In
contrast dorsal epidermis is thinner and more fragile and we
could only make good whole-mounts when the dorsal ep-
idermis was in telogen. The hair follicles in the tail undergo
growth cycles with similar timing to dorsal follicles, although
the degree of synchronization is less tight. The tail hair fol-
licles are arranged in groups of three and the central follicle
tends to cycle with different kinetics to the other two
(Schweizer and Marks, 1977a, b). The main difference be-
tween the hair follicles of the tail and dorsal epidermis is that
Figure1
Schematic diagram showing the preparation of whole-mounts of
mouse tail skin epidermis. The different epidermal compartments are
indicated in the confocal micrograph. HS, hair shaft; IFE, interfollicular
epidermis; SG, sebaceous gland; ORS, outer root sheath.
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the tail follicles are larger. This is reflected by an increased
number of LRC (range 10–79 for tail, compared with 0–15
for dorsum) (Morris and Potten, 1999; Braun et al, 2003).
We found scattered LRC throughout the IFE and at the
periphery of the sebaceous glands and a concentration of
LRC in the permanent portion of the follicles (Fig 2). There
was no discernible pattern to the position of LRC in the IFE,
but this is not surprising since the tail IFE has a different
organization to the classical EPU (Schweizer and Marks,
1977a, b; Fig 2). LRC were present in all follicles, irrespec-
tive of whether a distinct bulge was visible and their number
was not significantly depleted by successive hair cycles
(Fig 2). Whereas a physical protuberance of the ORS, when
present, lies on one side of the follicle, the LRC are usually
distributed symmetrically. Thus in the context of the local-
ization of LRC, the ‘‘bulge’’ (Cotsarelis et al, 1990) refers to
the entire permanent portion of the follicle below the seba-
ceous glands and not to a physical protuberance of the
ORS.
One application of the whole-mount method is to provide
a screen for the expression of potential stem cell markers by
LRC (Braun et al, 2003). Keratin 15 (Lyle et al, 1998) was the
best marker of LRC that we examined, but none of the
markers were specific for individual LRC; rather they are
uniformly expressed by all cells in the zone where the LRC
lie (Braun et al, 2003). It is also clear from examining whole-
mounts at different stages of the hair cycle that the patterns
of expression of markers such as the a6b4 integrin is very
dynamic: high a6b4 expression is a good marker of LRC in
telogen follicles but the expression pattern becomes less
localized during anagen.
The recent development of multiple inducible and non-
inducible promoters that can be used to target transgenes
to different compartments in the skin has led to a dramatic
increase in data regarding the molecules that regulate ep-
idermal stem cell self-renewal and lineage commitment
(Fuchs and Raghavan, 2002; Niemann and Watt, 2002).
These animal models can be used in conjunction with anal-
ysis of LRC to assess the changes that the transgenes
induce within the epidermal stem cell compartment. This
approach has been used to demonstrate that constitutive
overexpression of cMyc from a keratin 14 promoter
(K14.Myc2) leads to a 75% reduction of LRC in 3-mon-old
mice, suggesting that deregulation of cMyc leads to epi-
dermal stem cell depletion (Waikel et al, 2001). This con-
clusion is supported by the observation that transgenic
mice expressing cMYc from the keratin 14 promoter have
impaired epidermal wound-healing (Waikel et al, 2001; Frye
et al, 2003), although this effect may also be attributed to
impaired migration of the keratinocytes due to a reduction in
adhesive interactions with the local microenvironment (Frye
et al, 2003).
We have been using the whole-mounts in conjunction
with LRC and lineage analysis to examine what happens to
LRC when epidermal growth and differentiation are dis-
turbed in genetically modified mice. Activation of cMyc
(Arnold and Watt, 2001)within adult tail epidermis stimulates
epidermal proliferation and differentiation into sebocytes
without depleting LRC (Braun et al, 2003). Increased seba-
ceous differentiation was not restricted to hair follicles, but
also occurred in the IFE, suggesting that cMyc may re-pro-
gram basal epidermal cells. In contrast, expression of N-
terminally truncated Lef-1 to block b-catenin signalling (Nie-
mann et al, 2002) causes loss of LRC primarily through
proliferation (Braun et al, 2003). Thus by combining tail ep-
idermal whole-mounts with label-retention studies, we have
demonstrated that LRC are more sensitive to some prolif-
erative stimuli than others and that changes in lineage can
occur with or without recruitment of LRC into cycle.
Isolation of Slow-Cycling Cells by
GFP-Expression
One long-standing limitation in epidermal research has
been in the inability to isolate the slow-cycling population.
Recently an elegant new technique has been published in
which infrequently-cycling cells in the skin are labelled by
crossing transgenic mice that contain histone H2B-GFP
(Kanda et al, 1998) controlled by a tetracycline regulatory
element with transgenic mice that have a K5-tet repressor-
VP16 transgene (Diamond et al, 2000). After feeding double-
transgenic 4-wk-old mice Tetracycline for at least a 4-wk
chase period, only bulge cells (less than 1% of total cells)
retained bright GFP fluorescence (Tumbar et al, 2004). Al-
though the GFP-positive cells have not been compared
directly with LRC, the advantage of this system is that the
slow cycling population can be isolated despite the lack of
cell surface markers due to their endogenous GFP fluores-
cence.
Using this approach, Tumbar and colleagues isolated
a pure population of slow-cycling, GFP-positive cells from
the epidermis. They were able to demonstrate that GFP-
positive cells rarely divide within the bulge region of the hair
follicle, but that the biochemical characteristics of the cells
change once they are stimulated to leave the niche. For
example, in response to wounding, GFP-positive cells exit
the bulge to repopulate the IFE. During the anagen phase of
the hair growth cycle the downgrowth of the follicle is pri-
marily GFP-positive, suggesting that these new cells are
derived from bulge cells. New populations of GFP-positive
cells could be identified in the cycling portion of the follicle
Figure 2
Visualization of label-retaining cells. Ten-day-old mice were in-
jected with 50 mg BrdU per kg body weight every 12 h for a total of
four injections. Mice were euthanized after a chase period of 70 d. (A)
Section of mouse tail skin. (B) Whole-mount. Green fluorescence (A, B):
LRC visualized with antibody to BrdU. Red fluorescence (B) anti-keratin
14 immunolabelling. HF, hair follicle; IFE, interfollicular epidermis; SG,
sebaceous gland. Scale bars: 50 mm.
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that displayed markers for outer root sheath, inner root
sheath, hair and matrix.
The transcriptional profile of the GFP-positive cells was
determined to define the characteristics of the stem cell
niche. In total, greater than 100 messenger RNAs were
preferentially expressed in GFP-positive stem cells located
in the bulge region of the hair follicle (Tumbar et al, 2004). All
of the reported bulge markers (including K15, K19, a6 in-
tegrin, b1 integrin, CD34, S100A4 and S100A6) were
present, but the GFP-positive population was more restrict-
ed than the population defined by any of the individual
markers. Possibly the most promising marker for epidermal
stem cells in this study was CD34, a molecule that had been
independently described as a putative epidermal stem cell
marker (Trempus et al, 2003). This study also identified a
plethora of genes, in particular surface receptors and sig-
nalling proteins, which appear to be involved in maintaining
the epidermal stem cell compartment.
Future studies will seek to characterize the roles that
these candidate genes play in regulating the stem cell
niche. In addition, the proliferative ability and multipotenti-
ality of slow cycling, GFP-positive cells can now be as-
sessed both in vitro and following transplantation in vivo.
This approach will have general utility in isolating LRC from
other self-renewing adult tissues where a slow-cycling
stem cell population is present. Finally, comparison of
the transcriptional profile of the slow-cycling cells of the
bulge with the K15-positive population (Morris et al, 2004)
will further define the characteristics of hair follicle
stem cells.
Conclusions
Generation of LRC is an old technique that is finding new
applications in the study of epidermal stem cells. Because
label retention is simply a marker of the proliferative history
of a cell it is important not to assume that LRC and stem
cells are synonymous. We think it more likely that LRC rep-
resent a subset of epidermal stem cells. It will be interesting
to examine the properties of cells that are not LRC yet re-
side in the bulge and express markers such as keratin 15
and CD34. Whole-mount labelling allows visualization of
LRC and facilitates analysis of the effects of reprogramming
epidermal lineages. GFP labelling of slow-cycling cells rep-
resents a great step forward, because for the first time LRC
can be purified and characterized at a molecular level.
Clearly, these are exciting times to be working on stem
cells.
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